Abstract The use of bacteria for cancer therapy, which was proposed many years ago, was not recognized as a potential therapeutic strategy until recently. Technological advances and updated knowledge have enabled the genetic engineering of bacteria for their safe and effective application in the treatment of cancer. The efficacy of radiotherapy depends mainly on tissue oxygen levels, and low oxygen concentrations in necrotic and hypoxic regions are a common cause of treatment failure. In addition, the distribution of a drug is important for the therapeutic effect of chemotherapy, and the poor vasculature in tumors impairs drug delivery, limiting the efficacy of a drug, especially in necrotic and hypoxic regions. Bacteria-mediated cancer therapy (BMCT) relies on facultative anaerobes that can survive in well or poorly oxygenated regions, and it therefore improves the therapeutic efficacy drug distribution throughout the tumor mass. Since the mid-1990s, the number of published bacterial therapy papers has increased rapidly, with a doubling time of 2.5 years in which the use of Salmonella increased significantly. BMCT is being reevaluated to overcome some of the drawbacks of conventional therapies. This review focuses on Salmonella-mediated cancer therapy as the most widely used type of BMCT.2.
History of Bacteria-Mediated Cancer Therapy
In 1891, William B. Coley, a bone sarcoma surgeon, injected streptococcal organisms into a patient with inoperable cancer and successfully cured the patient [1] . Over the next 40 years, as head of the Bone Tumor Service at Memorial Hospital in New York, Coley applied his therapy with bacteria or bacterial products, which became known as Coley's toxin, to over 1000 cancer patients [2] . Coley believed that his toxin, based on the use of a streptococcal organism causing erysipelas, could stimulate a cancer patient's immune system to attack the tumors; however, his work came under criticism because of several inconsistencies: (1) his patient follow-up was poorly controlled and poorly documented; (2) there were 13 different toxin preparations, and some of these were more effective than others; (3) Coley used various methods of administration. Some toxins were given intravenously, others intramuscularly, and some were injected directly into the tumor. In addition, the lack of modern techniques and modalities to accurately diagnose cancer and quantify changes in immune responses resulted in a poor understanding of the underlying mechanisms and difficulties explaining his results.
The use of Coley's toxin for cancer treatment was banned after 1962 after failing to obtain FDA approval. Currently, orthopedic oncologists do not use Coley's toxins for the treatment of bone and soft-tissue sarcomas. Most cancer patients are currently treated with surgery, chemotherapy, or radiotherapy; however, the limited efficacy of these modern therapies in hypoxic regions of tumors remains unresolved [3] . Bacteriotherapy is one of several modern therapies currently being considered as an alternative novel therapy.
BMCT Can Overcome Some of the Drawbacks of Traditional Cancer Therapy
Surgery is the most common cancer treatment, and it has been used for many years. However, surgery is not an effective therapy for metastatic disease, which requires combination treatments with other traditional therapies such as radiation or chemotherapy. These therapies have many drawbacks that could lead to the incomplete removal of cancer cells and potential recurrence.
Radiotherapy for cancer treatment is based on the use of ionizing radiation to kill cells by causing DNA damage, particularly DNA double strand breaks (Fig. 1a) . This damage results from ionizations in or very close to the DNA that produce a radical on the DNA (DNA⋅). This radical then enters into a competition for oxidation, primarily by oxygen (which makes the damage permanent), or reduction, primarily by -SH-containing compounds that can restore the DNA to its original form. Therefore, DNA damage is reduced in the absence of oxygen. Clinical trials have demonstrated that markedly hypoxic tumors [typically those with a median pO 2 (oxygen partial pressure) of less than 10 mmHg] are more radio-resistant than less hypoxic tumors.
In chemotherapy, hypoxia limits the efficacy of treatment because it increases the resistance of cells to anticancer drugs (Fig. 1b) for several reasons, as follows:
1. Increased distance from blood vessels results in inadequate exposure to certain types of anticancer drugs. 2. Hypoxic conditions facilitate the selection of cancer cells that have lost sensitivity to p53-mediated apoptosis. In addition, hypoxia induces the expression of genes involved in drug resistance, especially genes encoding Pglycoprotein. Therefore, hypoxic cells become unresponsive to many anticancer agents. 3. The action of some anticancer agents (e.g., bleomycin)
resembles that of radiation in that oxygen increases the cytotoxicity of the DNA lesions caused by the treatment. Therefore, the efficacy of treatment in target cells is reduced by the low oxygen concentration in hypoxic regions.
The use of bacteria for cancer therapy has many advantages over the traditional cancer therapies described above ( Table 1 ). The amount of bacterial accumulation in tumors is approximately 1000 times higher than that in normal organs [40] . The proliferative capacity of bacteria extends their therapeutic effect without the need for external supply (Fig. 1c) . The fully sequenced genomes of many bacteria enable genomic manipulation to improve their safety in humans and Fig. 1 Overview of the mechanisms underlying the therapeutic effects of different cancer therapies. a Radiotherapy: DNA damage is decreased in the absence of oxygen. b Chemotherapy: distance from blood vessels and the resistance of hypoxic cells to many anticancer agents are current obstacles. c Bacteria-mediated cancer therapy: independent proliferation and abundant distribution in the tumor mass are among the advantages discussed in this review enhance their tumor killing effect. Among bacteria used for cancer treatment, Salmonella is highly regarded because of its tumor-specific localization, its ability to target various types of tumors, a fully sequenced genome, and its natural toxicity [40] . In addition, Salmonella is a facultative strain that can colonize small metastases in addition to large solid tumors. In a recent review, bacteria were described as tiny programmable 'robot factories' [41] , with their flagella as propellers, chemotactic receptors as sensors, and reporter proteins as signal emitter chips that can be used to engineer these bacteria as needed. With the help of modern technology and extensive studies on gene regulation, protein interactions, and oncology, the ideal bacteria for cancer therapy are being optimized and upgraded intensively.
Delivery of Bacteria to Tumors
One key advantage of BMCT is the selective accumulation of bacteria in tumors rather than in normal organs (Fig. 2) . The irregular vasculature of tumors results in the formation of hypoxic and necrotic areas [3] that are specific to tumors and do not form in most organs. This feature may explain how obligate anaerobic bacteria such as Clostridium and Bifidobacterium are found in tumor masses but not in normal organs with oxygenic environments [4, 5, 42, 43] .
However, compared to anaerobes, facultative anaerobes such as Escherichia coli and Salmonella have been researched more intensively for BMCT applications [41] . The culture and handling of facultative anaerobes are not restricted by oxygen conditions. These bacteria can target large as well as small tumors, whereas anaerobic bacteria are not suitable for the treatment of small tumors or metastases [44] . The tumortargeting mechanism of facultative bacteria is complex and is the subject of debate. Generally, there are two opposing theories to explain this mechanism: (1) the chemotactic system and motility of bacteria mediate the successful bacterial colonization of tumors [45] [46] [47] , and (2) a passive mechanism by which inflammatory cytokines are triggered after intravenous injection of bacteria leads to the dilation of tumor blood vessels, allowing the entry of bacteria [48, 49] . Work from our group using non-motile Salmonella with a mutation in the flhD gene showed that they accumulate in tumors to an extent comparable to that of motile bacteria (unpublished data). However, additional studies are needed to clarify this issue.
Tumors contain immune privileged environments [50] where bacteria can hide from clearance by macrophages and neutrophils [51] . This is another potential mechanism to explain how bacteria proliferate and survive for longer periods in tumor sites than in normal tissues.
In Vivo Monitoring of Bacteria with Molecular Imaging Technology
The most common way to image bacteria in small animal models is labeling them with luminenescence gene operon derived from a luminescent bacterial strain [6, 7, 30] . The bacterial luciferase (lux) operon encodes five gene clusters, lux C, D, A, B, and E. Lux A and B express bacterial luciferase enzyme, while lux C, D, and E control fatty aldehyde enzyme complex production, which synthesizes the substrates. Because lux operon encodes all proteins necessary for light production, including luciferase, substrate, and substrate-regenerating enzymes, bacteria expressing lux [14] operon require only oxygen and do not require any other exogenous substrate to produce bioluminescence [34, 35] . The advantage of bioluminescence is its minimal background noise, since luciferase is not a natural constituent of mammalian organisms. Bioluminescence-based approaches currently lack detailed tomographic information and are limited to relatively small animals [34, [52] [53] [54] . Besides, fluorescence labeling is also used in some studies [8, 55] . Fluorescence imaging uses a fluorescent protein, such as green fluorescent protein (GFP), that is excited with external illumination, and the emission is subsequently detected [56] . GFP encoding cDNA can easily be included in the myriad therapeutic vectors and serve as a monitoring tool for gene therapy. Nevertheless, excitation and emission wavelengths in the range of 500 nm (e.g., GFP) have limited penetration in mammalian tissues (1-5 mm). Since mammalian tissues absorb light that is used to excite these fluors, the tissues also fluoresce when excited at these wavelengths. The combination of absorption of specific signal and autofluorescence of tissues can result in a poor signal-to-noise ratio [57] . Recently, red-shifted fluorescence protein (RFP) has been shown to have an advantage over GFP in that red light penetrates tissues more efficiently than green [58] . A newer approach to fluorescence imaging of deeper structures uses fluorescence-mediated tomography (FMT) [59] . The subject is exposed to continuous wave or pulsed light from different sources in an imaging chamber, and detectors arranged in a spatially defined order capture the emitted light. Mathematical processing of this information results in a reconstructed tomographic image.
Optical imaging techniques such as luminescence or fluorescence are limited in approaching to bigger models or clinical trials. Interestingly, PET imaging showed the possibility to monitor Salmonellae expressing the herpes simplex thymidine kinase (HSV1-tk) reporter gene [55] . The bacterial targeting and replication can be imaged in vivo in tumors with a radiolabeled 2′-fluoro-1-beta-d-arabino-furanosyl-5-iodo-uracil (FIAU), which is selectively phosphorylated and trapped in bacteria expressing HSV1-TK. Another study tried to overexpress bacterial ferritin in Escherichia coli to achieve imaging of bacterial colonization in tumors by MRI [38] . These studies using PET or MRI imaging to monitor bacteria in vivo would be needed in the future when bacteria are applied in bigger models or humans.
Recently, an interesting study was reported using probiotic bacteria to diagnose cancer in urine [60] . Genetically engineered Escherichia coli Nissle was developed for oral administration for diagnosing the presence of liver metastasis by producing easily detectable signals in urine. Exploiting the tumor-colonization ability of bacteria to detected tumors indirectly is an attractive idea that can be considered as a primary screening for tumor existence before going to more complicated technology such as PET or SPECT imaging.
Cancer Treatment Strategies Based on the Use of Bacteria
In the nineteenth century, Coley used streptococcal organisms or bacterial products for the treatment of patients with inoperable cancer [1] . Currently, many virulent bacteria used for cancer therapy are attenuated using different gene depletion strategies to ensure their safety. In our laboratory we attenuated S. typhimurium by deleting two genes, relA and SpoT. Na et al. [61] found that relA and spoT double mutant Salmonella, which is defective in ppGpp synthesis (ΔppGpp strain), was virtually avirulent in Balb/c mice. For LD50 values with the ΔppGpp mutant, the LD50 was ∼ 10 5 higher than that of the wild type after oral or intraperitoneal inoculation. VNP20009 is also a common attenuated strain used in BMCT, which was mutated purI and msbB genes. The purI deletion limits bacterial growth in areas that have substantial cell turnover, death, and human pancreatic adenocarcinoma cellular debris as the sources for external adenine, while the deletion of the msbB gene, which is required for synthesis of lipid A, helps to reduce the toxicity associated with induction of tumor necrosis factor alpha (TNF-a) [62] . Another way to attenuate S. typhimurium was done by generating a Salmonella A1 strain. First, the bacteria were randomly mutated by nitrosoguanidine treatment. Second, the auxotrophs were selected and their virulence and toxicity tested in tumor cells in vitro or in nude mice, respectively. Finally, the well-tumor targeted strain (named A1R) was re-isolated from tumor-bearing mouse models [55] .
Although some of these organisms are used as monotherapy [6, 8, 24] , most of them are used as vehicles to deliver therapeutic agents such as DNA [19] , siRNA [9, 28] , toxins [7, 10-12, 20, 30] , and prodrug-enzymes [13] , or combined with other therapies [14, 15, 21, 32 ] to enhance their therapeutic effect.
Delivery of DNA or siRNA
Listeria monocytogenes is a good candidate for the delivery of DNA to mammalian cells because of its natural ability to invade the cell, lyse the phagosomal vacuole of infected cells, proliferate in the host cell cytoplasm, and actively enter adjacent cells. Tangney et al. used an ampicillin-sensitive strain to create a system that could deliver DNA to infected cancer cells [25] . In this system, L. monocytogenes is lysed within the tumor after the administration of ampicillin to release plasmids inside the cells. Plasmids encoding firefly luciferase under the control of the CMV promoter are then taken up, and the gene is expressed by host cells. This study demonstrated the possibility of using bacteria to deliver therapeutic genes to cancer cells in vivo specifically, economically, and effectively.
Critchley et al. reported a system based on the use of the inv gene from Yersinia and listeriolysin O from Listeria to convert E. coli into an invasive strain [63] . Binding of invasin to b1-integrin promotes phagocytosis of the bacteria. After internalization, listeriolysin O can gain access to the phagosomal membrane because of its pore-forming ability, and the cytoplasmic contents of the bacteria can be released into the cytoplasmic compartment of mammalian cells. The authors used this strategy to demonstrate the potential use of E. coli as a delivery vector for genes or therapeutic proteins.
The use of invasive Salmonella species to deliver RNA interference (RNAi) has been reported. S. typhimurium expressing plasmid-based Stat3-specific siRNAs significantly inhibited tumor growth, reduced the number of metastastic organs, and prolonged the life span of prostate tumor-bearing C57BL6 mice compared to bacterial treatment alone [26] . A different group showed that oral administration of S. typhimurium carrying shRNAexpressing vectors targeting bcl2 induced significant gene silencing in murine melanoma cells, remarkably delaying tumor growth and prolonging survival in a mouse model [28] .
Gene transfer using bacteria could become a promising strategy for the treatment of cancer, although further studies are necessary to clarify the underlying mechanisms.
Delivery of engineered toxins or pro-drugs
Because bacteria have their own protein-synthesizing machinery, a potential strategy would be to induce them to synthesize therapeutic proteins and deliver them to the tumor mass using their tumor-targeting ability.
Tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) is a member of the tumor necrosis factor superfamily that can trigger apoptosis of tumor cells by binding to their membrane receptors (DR4 and DR5) and not to normal cells [64] . Hu et al. engineered a Bifidobacterium longum strain expressing the extracellular domain of TRAIL that showed inhibitory effects on tumor xenografts after intravenous injection [5] . Likewise, a non-pathogenic S. typhimurium was engineered to secrete murine TRAIL under the control of the prokaryotic radiation-inducible RecA promoter [12] . This system not only succeeded in generating TRAIL, but also enabled timed induction to improve the safety of the strategy.
Our group reported the expression of cytolysin A, a pore-forming toxin, in Salmonella [7] and E. coli [31] . For safety reasons, the expression of the toxin was tightly controlled by a pBAD expression system in which the promoter is induced by L-arabinose. Insertion of the lux gene in the bacterial chromosome allowed monitoring of the location of bacteria noninvasively and repeatedly. In this study, we reported a strategy that can remotely control the expression of a toxin gene in vivo by using the pBAD system combined with molecular imaging.
In another report, we used the mitochondrial targeting domain of Noxa (MTD), a transcriptional target of p53 that mediates apoptosis induction via activation of mitochondrial damage and the intrinsic apoptosis signaling pathway. A holin/lysine lysis phage system was deployed to deliver the toxin, and a novel cell-penetrating peptide (CPP) derived from a voltage-gated potassium channel (DS4.3) was conjugated to MTD for import into cancer cells [10] .
Enzyme-prodrug therapy is being developed as a strategy in which the drug is only converted into an active form at the target site. This strategy was used to introduce E. coli nitroreductase, which activates the non-toxic prodrug CB 1954 to a toxic anticancer drug, into a strain of Clostridium beijerinckii [65] . Nitroreductase produced by these clostridia enhanced the killing of tumor cells in vitro and was detectable in all tumors during the first 5 days after intravenous injection of inactive clostridial spores. Likewise, Clostridium beijerinckii was genetically engineered to constitutively express an E. coli gene encoding cytosine deaminase [66] (CD), which increased the sensitivity of murine EMT6 carcinoma cells to 5-fluorocytosine by approximately 500-fold. In a different report, Fujimori et al. created a plasmid encoding the CD gene and used it to transform Bifidobacterium longum in a system termed Bifidobacterial Selective Targeting-Cytosine Deaminase therapy. In another enzyme-prodrug strategy, the Herpes Simplex VirusThymidine Kinase (HSV-TK) gene was transformed into Bifidobacterium infantis to create the Herpes Simplex Virus-Thymidine Kinase/Ganciclovir (HSV-TK/GCV) system [13] . Thymidine kinase expressed in bacteria that specifically colonize tumor tissues can convert the non-toxic precursor ganciclovir into ganciclovir-3-phosphate, a toxic substance that kills tumor cells.
Triggering immune responses
Established tumors can activate various strategies to escape the host immune surveillance system [50, 67] . Recent evidence suggests that BMCT sensitizes immune cells to recognize tumor cells and triggers their clearance. Weibel et al. reported that colonization of E. coli K12 in 4 T1 murine breast tumors could alter the tumor microenvironment [68] . The colonization caused the redistribution of hypoxic areas, enhancement of collagen IV deposition, redistribution of tumor-associated macrophages, formation of granulation tissue around bacterial colonies, and upregulated TNFα and matrix metalloproteinase 9 expression. These alterations led to a strong reduction of pulmonary metastatic events.
Tumor-associated macrophages (TAMs) are found in abundance in various tumor tissues and are associated with poor prognosis [69] . Galmbacher et al. attempted to deplete TAMs in murine breast cancer using an attenuated Shigella flexneri [16] . The profound reduction of TAMs was accompanied by a strong tumor suppressive effect in 4 T1 breast cancer models.
Recently, a group reported that administration of Salmonella alters the phenotypic and functional maturation of intratumoral myeloid cells, converting them into a less suppressive type, hence enhancing the host's anti-tumor responses [24] .
Combination therapy
Despite the numerous advantages of BMCT compared with conventional therapies, the results are not fully satisfactory in many cases. Single therapy using bacteria is generally insufficient to completely block or significantly suppress tumor growth. Hence, many recent reports suggest that the combination of BMCT with other therapies would be more effective to treat tumors.
The combination of an angiogenesis inhibitor, endostatin, with a TRAIL-expressing Bifidobacterium could trigger a synergistic effect through two separate mechanisms: endostatin depresses vascularization and inhibits nutrient provision during tumor growth, while TRAIL induces apoptosis of tumor cells by binding to receptors and activating related apoptosis pathways [5] . In addition, a low dose of a chemotherapeutic drug, adriamycin, was enough to enhance the tumor-inhibiting effect when combined with this bacterial strain.
Combined treatment with radiation also shows an additive effect with BMCT. Platt et al. reported that the antitumor efficacy of lipid A mutant Salmonella is enhanced when combined with X-ray irradiation [70] . The authors proposed several explanations for these results as follows: (1) X-ray irradiation might help render some of the tumor cells more vulnerable to Salmonella infection and/or to Salmonella toxins; (2) X-rays might alter the tumor environment, rendering it more accessible to Salmonella infection; (3) X-rays might render tumor cells more vulnerable to attack by immune system cells recruited by Salmonella.
In work from our group, radiation therapy significantly enhanced tumor shrinkage and even induced the complete disappearance of tumors in CT26 tumor models with E. coli-expressing ClyA [31] .
Controllable Gene Expression
To minimize the side effects of BMCT associated with the delivery of toxin genes to a tumor mass, a controllable gene expression system is necessary to modulate the timing and specificity of drug delivery. Variable promoters have been used for this purpose ( Table 2 ). The pBAD system requires an external inducer, L-arabinose, to release AraC, as a repressor normally binds to this promoter and prevents transcription [76] . In our study, the pBAD promoter controlled toxin gene expression until the administration of L-arabinose by intravenous or intraperitoneal injection [7] . Deletion of the ara operon of Salmonella inhibited L-arabinose metabolism, leading to the activation of the pBAD promoter following induction [71] .
Similarly, the pTet system is induced by external chemicals such as tetracycline or doxycycline, and a bidirectional promoter allows the simultaneous expression of two genes [77] . Jiang et al. inserted Renilla luciferase and ClyA genes on both sides of this promoter to simultaneously visualize the bacteria and deliver the toxin gene [30] .
The RecA promoter requires γ-irradiation to trigger gene expression via DNA damage responses [78] . This strategy uses radiation for therapeutic as well as gene induction purposes. Ganai et al. showed synergistically delayed tumor growth in 4 T1 tumor-bearing mice treated with 2 Gy γ-irradiation at 48 h after injection of TRAIL-expressing bacteria under the control of the RecA promoter [12] .
Quorum sensing-promoters are turned on when bacterial density increases. Anderson et al. inserted the inv gene downstream of the lux quorum system, which showed that invasiveness depended on the multiplicity of infection and was comparable to that of the constitutive construct [72] . A recent publication reported integration of the pBAD promoter into the quorum sensing system, which enabled bacteria to activate neighbors and increased the time scale of protein production [73] .
Hypoxia, a common feature of most tumor tissues, leads to resistance to radiotherapy and chemotherapy. However, this characteristic can be exploited by using hypoxia-inducible promoters to control toxin gene expression specifically. Mengesha et al. created a hypoxia-inducible promoter (HIP-1) from a portion of the endogenous Salmonella pepT promoter and showed gene expression under both acute and chronic hypoxic conditions, but not under normoxia [79] . In a different report, an FNA-responsive promoter was used to specifically deliver cytolysin to the tumor mass and to reduce side effects.
An Ideal Bug for the Future
In conclusion, BMCT is a promising candidate for future cancer therapy. However, additional studies are necessary to facilitate the Bbench to bed^transition. The toxicity of bacteria, especially that of natural virulent bacteria such as Salmonella, Listeria, and Clostridium, is problematic. Late-stage cancer patients are mostly immunocompromised. Therefore, attenuating the toxicity of bacteria using gene-mutation strategies is necessary to ensure their stability and safety for clinical approval. For human applications, bacterial imaging using radioactive tracers rather than luminescent or fluorescent reporter genes should be considered. An ideal combination of bacteria with other traditional therapies could be effective for the elimination of tumors and metastasis. Overcoming these obstacles is important to move BMCT closer to clinical application in the future. Bacterial density [72, 73] Hypoxia-inducing promoters Low oxygen condition [11, 20, 72, 74, 75] 
